Abstract -Aims: The effects of ethanol exposure on synaptic structure were investigated in the nucleus of solitary tract (NST) in rats, using the horse-radish peroxidase (HRP) method. Methods: Eight-week-old experimental rats were allowed free access to a liquid diet containing ethanol for 3 weeks, while controls were given an isocaloric diet. Some of the control and experimental animals were given an injection of wheat germ agglutinin conjugated with HRP (WGA-HRP) into the vagus nerve toward the end of the treatment period. After the treatment, the neuropil region of the NST was examined under an electron microscope. Results: We observed that a few terminals were characterized by deep indentation of axodendritic membranes into the post-synaptic neurons. This appeared to be similar to that commonly seen in exocrine glands. Interestingly, the indented portion often contained various sizes of vacuoles and flattened cisternae. HRP-reaction product (RP) transported to terminals was recognized easily as an electron-dense lysosomal substance when lead citrate staining was omitted. Terminals containing HRP-RP also revealed quite a similar structure with indentation of axodendritic membranes as described earlier. The results are considered to confirm that terminals forming 'apocrine-like structures' observed in the ethanol-fed animals with no injection of WGA-HRP originate from afferent fibers of the vagus nerve. Conclusion: The present study suggests the possibility that the alteration of the synaptic structure induced by ethanol exposure can lead to the neuronal transcytosis of materials including proteins which is different from the normal vesicular exocytosis involved in chemical synaptic transmission.
INTRODUCTION
Alcohol abuse and dependence in adulthood are known to cause behavioral problems in humans (Henry et al., 1993; Rohde et al., 1996; Pardini et al., 2007) . Exposure to alcohol during pregnancy or early postnatal life can lead to fetal alcohol syndrome in children (Jones and Smith, 1973; Streissguth et al., 1994; Coles et al., 1997; Mattson and Riley, 1998; Roebuck et al., 1998) . This leads to characteristic and long-lasting damage to the developing central nervous system, which is accompanied by dysfunction of the brain. Experimental studies have shown that prenatal ethanol exposure in some animals can result in cortical abnormalities, neuron loss, abnormal levels of neuronal apoptosis (Young et al., 2005; Jiang et al, 2007) and deficits in hippocampal synaptogenesis and alteration in synaptic morphology including reduced numbers of synaptic vesicles (Tanaka et al., 1991; Cui et al., 2010) . The pathological alterations taking place in dendritic spines and synapses after alcohol exposure have become the focus of much recent research in the field (Stoltenburg-Didinger and Spohr, 1983; Lolova et al., 1989; Hamilton et al., 2010) .
We have recently described studies that have indicated that exposure to alcohol in early life can lead to neuronal loss in the hippocampus and the cerebellum (Miki et al., 1999 (Miki et al., , 2003 (Miki et al., , 2004 , low expression of oligodendrocyte myelin glycoprotein mRNA and neuronal damage associated with reactive astrocytes in the hippocampus (Satriotomo et al., 2000; Okamoto et al., 2006) . Other biochemical and electrophysiological studies have indicated altered glutamatergic transmission in the basal forebrain areas (Läck et al., 2007; Kash et al., 2009) and changes in the long-term potentiation of excitatory neurotransmission in hippocampal neurons (Sabeti and Gruol, 2008) . These studies might reflect a disorder of neuronal circuit induced by alcohol. In this point, we took up the nucleus of the solitary tract (NST) and investigated synaptic organization of the NST receiving heavy projection of visceral afferents from the vagus nerve and having various biological responses associated with autonomic functions such as cardiovascular control (el-Mas and Abdel-Rahman, 1992; Vilpoux et al., 2009) . Furthermore, the NST has been well known as a region affected by ethanol and adaptations during the development of ethanol addiction in the lower brain stem (Li and Abdel-Rahman, 2009; Vilpoux et al., 2009) .
There have been very few studies that have examined the effects of exposure to alcohol on the morphological structure of synapses and the process of neuronal transcytosis. We now report on such a study where we have examined the effects of a period of ethanol exposure on synaptic transcytosis in the rat NST which receives afferent fibers from the vagus nerve.
MATERIALS AND METHODS
Eight-week-old adult male Wistar rats were obtained from CLEA Japan, Inc (Tokyo, Japan), and housed in separate cages under 12-h light/dark cycle (lights on from 6:00 a.m. to 6:00 p.m.) in a temperature-controlled room (22 ± 2°C). Experimental procedures were carried out in accordance with National Institute of Health (NIH) for Care and Use of Laboratory Animals. The Kagawa University Animal Care and Use Committee approved the procedures (authorization Alcohol and Alcoholism Vol. 47, No. 6, pp. 671-676, 2012 doi: 10.1093/alcalc/ags085 Advance Access Publication 2 August 2012 number of the ethical approval: No. 78), and all efforts were made to minimize the number of animals used and their suffering.
Forty-eight rats were used and divided into three groups. On the basis of the previous studies (Lieber and DeCarli, 1989; Xia et al., 1999; Rasmussen et al., 2000) , in an experimental group (n = 16) animals were allowed free access to a liquid diet (Oriental Yeast, Tokyo, Japan) containing ethanol (99.5% ethyl-alcohol, Wako, Osaka, Japan) for a period of 3 weeks. The ethanol concentration of the liquid diet was gradually increased; it was 2.5% (w/v) for Days 1-2, 4.0% (w/v) for Days 3-4 and 5.0% (w/v) from Days 5 to 21 of the treatment period. The daily consumption of diet by each rat was recorded for each day of the treatment period. In an isocaloric pair-fed control group (n = 10), the animals were fed an identical liquid diet except that the ethanol was replaced by an isocaloric amount of sucrose. In an untreated control group (n = 22), the animals ingested tap water.
Nine ethanol-fed, six isocaloric pair-fed and eight untreated control animals were anesthetized with intra-peritoneal injection of chloral hydrate (490 mg/kg) and sacrificed by perfusion through the ascending aorta with 0.1 M phosphate buffer ( pH 7.4) followed by a fixative of 1% paraformaldehyde and 1.25% glutaraldehyde in 0.1 M phosphate buffer. The brain stem was removed from the skull and blocks containing the NST and the dorsal motor nucleus of the vagus nerve (DMV) were cut transversely into 200-µm-thick sections using, a vibrotome (Leica VT 1000S, Germany).
Seven ethanol-fed, 4 isocaloric pair-fed and 14 untreated control animals had their right vagus nerve injected with 2.5-3.0 µl of 4% wheat germ agglutinin conjugated with horse-radish peroxidase (WGA-HRP, Vector Laboratories, Inc), using a 10-μl Hamilton microsyringe 2 days before the end of the ethanol treatment period. The injection was made into the proximal end of the vagus nerve which was exposed widely around the common carotid artery at the neck portion. In this experiment, the injected WGA-HRP was clearly restricted along the course of the vagus nerve as a small brown mass. Furthermore, to prevent leakage of injected WGA-HRP, the proximal end of the vagus nerve was pinched with forceps for a few minutes. At the end of the treatment period, the animals were re-anesthetized and perfused with the same fixative as described earlier. Sections 200 μm in thickness containing the NST and DMV were processed for demonstration of HRP-reaction product (RP) according to the heavy metalintensified 3,3-diaminobenzidine method (Adams, 1981) . All of the sections in those ethanol-fed and control animals were post-fixed in buffered 1% osmium tetroxide for 2 h, blockstained in saturated uranyl acetate, dehydrated in a series of alcohols and embedded in an epoxy resin mixture in preparation for electron microscopy. These blocks were cut on an ultramicrotome to yield 1-μm-thick sections, which were stained with 1% toluidine blue. The sections were used to locate the regions of the block that contained the NST region. Ultrathin sections of this region were cut, put on 200-mesh copper grids and observed without further lead citrate staining, using a JEM 200 CX electron microscope.
Blood samples were taken from the left ventricle of each animal just prior to perfusion with a fixative. Gas chromatography (Shimadzu GC-8A, Tokyo, Japan) was used to measure the blood alcohol concentration in each animal.
RESULTS
The ethanol-treated rats showed signs of intoxication with many appearing to be drowsy during normal waking hours. Their blood alcohol concentration at the end of the treatment period ranged from about 1.2 to 2.3 mg/ml (means ± SEM: 1.89 ± 0.22 mg/ml).
The NST region was identified in the 1-μm-thick toluidine blue stained sections and found to be located in the medulla oblongata dorso-lateral to the DMV. Electron microscopy of the NST region in untreated and isocaloric pair-fed control animals with injection of WGA-HRP as well as no injection showed common structures of synapses (Fig. 1A-D) . In these cases HRP-labeled terminals were observed to contain RP recognized as electron-dense lysosomal-like substance and frequently make asymmetrical synaptic contacts. In addition, RP was infrequently found in dendrites of post-synaptic neurons (Fig. 1D) .
Ethanol-treated rats revealed the presence of some unusual structures at various portions of axodendritic membranes. These structures consisted of an indentation of the axodendritic membranes into the dendrites and showed 'apocrinelike structures' of terminals. These seemed to have a frequency of 0-2 indentations per one square hole of the 200-mesh copper grid. The indentations remained attached to the axodendritic membranes at a narrow 'neck' region and contained round or oval-shaped vacuoles of various sizes as well as some flattened membranous cisternae with a decreased number of synaptic vesicles ( Fig. 2A-C) . These indentations were closely related to asymmetrical synaptic contacts which contained small round synaptic vesicles (Fig. 2C) . Ethanol-treated rats that had received a unilateral injection of WGA-HRP into the vagus nerve were found to have HRP-RP predominantly transported to terminals within the ipsilateral NST. The RP in terminals was also recognized as an electron-dense substance (Fig. 3A-D and 4) . In these Fig. 2 . Electron micrographs of the indentations of axodendritic membranes into the dendrites. The unusual structures showed 'apocrine-like structures' of terminals. The micrographs are from the NST region of an ethanol-treated animal that had not received any WGA-HRP label. Note that the structures contain various sizes of round or oval-shaped vacuoles (asterisk), lamellar bodies (star) and flattened cisternae (arrow) (A-C). Figure 2C shows indentation of axodendritic membrane forming asymmetrical synapse containing small round vesicles and large dense-core vesicle. The narrow 'neck' portion of the indentation might give the appearance of some stage of separating from the axon terminal. Arrowhead indicates large dense-core vesicle in terminal. Calibration bars = 0.3 µm in (A-C). ethanol-treated rats, it was of particular interest that some HRP-labeled terminals, making asymmetrical synaptic contacts with relatively thicker post-synaptic densities, also had deep indentations of axodendritic membranes containing vacuoles and lamellar bodies (Fig. 4) . The narrow 'neck' portion of these indentations were closely associated with small clear round vesicles (Fig. 4) . In these preparations, the indentations were related to both axodendritic and axosomatic membranes. The narrow 'neck' portion of these indentations gave the appearance that they may have been in some stage of separating from the axon terminals. There is a possibility that they were separated from pre-synaptic membranes and being transported into the post-synaptic neurons (Fig 3A  and C) . In addition to HRP-RP, the indentations contained flattened cisternae and large dense-core vesicles (Fig. 3B-D ) similar to those observed in ethanol-treated animals that had not received an injection of WGA-HRP described earlier.
DISCUSSION
We have found that exposing adult rats to ethanol for a period of 3 weeks can cause morphological alterations of pre-and post-synaptic membranes associated with axosomatic and axodendritic synapses. The alterations are characterized by indentations of these membranes into the NST neurons. The indentations consist of pre-synaptic membranes of the vagus nerve and post-synaptic membranes of the NST neurons. It should be noted in the present study that HRP-RP does not pass through the synaptic cleft and the indentations often contain HRP-RP, large dense-core vesicles, vacuoles, flattened cisternae and lamellar bodies. Furthermore, the narrow 'neck' portion of these indentations gave the appearance that they may have been in some stage of separating from the axon terminals. There is a possibility that they were being transported into the post-synaptic neurons. There is morphological evidence that the indentations finally separate from the post-synaptic membranes following separation from pre-synaptic membranes and appear to be involved in the synaptic transcytosis and internalization of materials possibly including proteins into the postsynaptic neurons. We do not suggest that this internalization is related to the exocytosis of synaptic vesicles from the presynaptic terminals and the subsequent binding of the released neurotransmitter to the post-synaptic membrane in the processes involved in chemical synaptic transmission. Our observations are similar to those reported by Lolova et al. (1989) who studied the effects of ethanol exposure during pre-and early postnatal life on synapse morphology in the rat hippocampus. They have also described the presence of lamellar bodies, autophagic vacuoles and cisternae of the smooth endoplasmic reticulum in axons and dendrites of their experimental animals. However, they did not report these morphological changes to be associated possibly with synaptic transcytosis as our evidence seems to indicate. Interestingly, the morphological structures of pre-synaptic terminals of the vagus nerve we have observed in our ethanol-treated rats appear to be similar to the 'apocrine-like structures' commonly seen in the breast and other cutaneous glands (Schaumburg-Lever and Lever, 1975; Kawabata and Kurosumi, 1976; Kurosumi et al., 1984; Atoji et al., 1998) , tracheal epithelium (Pack et al., 1980; Puchelle et al., 1991) and choroid plexus (Agnew et al., 1980; Gudeman et al., 1989) . We (Takeuchi et al., 2009 (Takeuchi et al., , 2011 have observed similar 'apocrine-like structures' in the NST of animals treated with Rab3A-siRNA. It is possible that the Rab3A protein could have a similar effect on synaptic morphology and transmission as ethanol-induced neurotoxicity (Geppert et al., 1994; Leenders et al., 2001; Sons and Plomp, 2006; Coleman et al., 2007) . There have been several previous studies that have examined the effects of ethanol exposure at various times on different aspects of dendritic spine and synaptic morphology carried out at both the light and electron microscope levels. Gonzalez-Burgos et al. (2006) have reported marked decreases in the numerical densities of dendritic spines from surviving CA1 pyramidal neurons. Hamilton et al. (2010) have obtained similar findings for neurons in the frontal cortex. Cui et al. (2010) found that exposure to ethanol resulted in the animals having inordinately longer spines than control animals in the visual cortex, and they speculated that the alterations may have reflected a retardation of the dendritic spines which are the sites of at least some synaptic contacts. In another study Lolova et al. (1989) found there to be a decreased number of synaptic vesicles in the presynaptic terminals found in the CA3 region of the hippocampus of ethanol-treated rats. This finding was confirmed in a recent study by Cui et al. (2010) , who also described that the ethanol-treated rats had more intensely stained and thicker post-synaptic densities than those observed in control animals. This is similar to our current finding in the present study of labeled afferent central terminals of the vagus nerve.
The exact reasons for changes of membranes, particularly the indentation of axodendritic and axosomatic membranes into the NST neurons in the ethanol-exposed rats, are unclear. However, remarkable cytoskeletal changes of neurons might lead to the initiation of the apocrine-like structure of transcytosis because ethanol exerts effects on the cellular content of actin and neuronal plasticity (Romero et al., 2010; Shibasaki et al., 2012) . Interestingly, a recent study has indicated the functional importance of actin cytoskeleton for spine formation (Luo et al., 1996) . The present study would suggest cytoskeletal changes at synaptic sites induced by ethanol exposure and contribution of transcytosis to functional recovery of damaged neurons.
Exposure of rats to ethanol is also known to cause alterations in the levels of neurotrophic factors. For example, we (Wang et al., 2010) have previously reported that short-term exposure to ethanol resulted in elevated levels of nerve growth factor and TrkA mRNA expression in the mouse cerebellum. Miller and Mooney (2004) have found that prolonged exposure of rats to ethanol caused an increase in the level of brain-derived neurotrophic factor in the rat parietal cortex. Whether or not these changes in neurotrophic factors are related to the morphological alterations in the post-synaptic membranes, densities and neurons observed in the present study remain uncertain and awaits further investigation.
In conclusion, the HRP-labeling methods we have used have allowed us to identify specific afferent terminal of the vagus nerve within the NST. We have shown that the morphology of these is altered by exposure to ethanol for a period of 3 weeks in adult life. The altered morphology is highly suggestive of a process of transcytosis occurring across the post-synaptic membrane that is not related to synaptic transmission. The exact purpose of this transcytosis is unknown. It is possible that it may be related to the malfunctioning of synaptic terminals in ethanol-treated animals or it could be as an ameliorative response to some of the damage inflicted on neurons due to the exposure to ethanol. Further studies are required to test these possible hypotheses.
